To find pH-independent biosorbent, the biosorption characteristic of lyophilized biomass of Bacillus megaterium was tested in this study. Biosorption equilibrium and kinetics of an azo dye (reactive blue 5) were investigated using the aforementioned biosorbent. The optimal adsorbent dosage for maximal dye uptake was 2.5 gL -1 and the dye uptake values varied little in the pH range of 2 to 11, as well as in solutions with different metal ions. The Langmuir biosorption isotherm model was found suitable for describing the biosorption of the dye. It can also be observed that the dye uptake process followed both the first and second order model. The negative value of ∆G indicated that the biosorption is spontaneous in nature. Fourier transform infrared (FTIR) analysis revealed that amine, hydroxyl, carboxyl and phosphonate groups were involved in the biosorption process.
INTRODUCTION
A wide range of methods have been used to eliminate dyestuffs from textile and dye-containing effluents, including chemical coagulation/flocculating, ozonation, oxidation, ion exchange, irradiation and precipitation (Banat et al., 1996; Vasques et al., 2009) . However, there are many limitations with these methods: excessive amount of chemical usage or accumulation of concentrated sludge with obvious disposal problems, expensive plant requirements or operational costs, lack of effective colour reduction and sensitivity to variable wastewater inputs etc. (Aksu, 2005) . Biosorption process is superior to other technologies in dye wastewater treatment for its low cost, simplicity in design, easiness in operation and insensitivity to toxic substances (Garg et al., 2004) . Plant waste products, such as Pinus sylvestris L. (Aksakal and Ucun, 2010) , wheat bran (Çiçek et al., 2007) , soy meal hull (Arami et al., 2006) , orange peel (Nemr et al., 2009) , Azolla filiculoides (Tan et al., 2011) and so on, were widely used as alternative biosorbents for dye removal *Corresponding author. E-mail: yangjsh1999@163.com. Tel: +86-10 62733464. Fax: +86-10 62733349.
because of their natural availability (Ncibi et al., 2008) . However, the maximum dye removal by plant waste products was found to be pH-dependent (Aksakal and Ucun, 2010; Çiçek et al., 2007; Arami et al., 2006; Nemr et al., 2009; Tan et al., 2011) .
Recently, a wide variety of microorganisms such as algae, fungi and bacteria has been investigated for the removal of reactive dyes either in living or inactivated form, including Spirogyra majuscule (Celekli et al., 2009) , Candida lipolytica (Aksu and Dönmez, 2003) , Penicillium restrictum (Iscen et al., 2007) , Agaricus bisporus (Akar and Divriklioglu, 2010) , Corynebacterium glutamicum (Won et al., 2009) and Bacillus subtilis (Binupriya et al., 2010) . In all, almost the maximum dye uptake values of all the aforementioned biosorbents were pH-dependent. Currently, there have been few reports about pH-independent biosorbents, and the application of biosorbents in a wide range of pH is very limited. Azo dyes are used in products such as textile, leather and foodstuffs (Patel and Suresh, 2008) , accounting for approximately 30% of the total dye market. As a typical azo dye, Reactive blue 5 (C.I. 61205; molecular weight: 774.15; UV wavelength max: 600 nm) is one of the most important and commonly used reactive dye in textile industry for coloring clothes in China. In chemical structure, like all azo dyes, it is characterized by the presence of one or more -N=N-(azo) bonds. The deficiency of electrons in water-soluble reactive dyes like RB5 makes them less susceptible to oxidative catabolism and more difficult to be removed.
In this study, lyophilized biomass of Bacillus megaterium was found to be a pH-independent biosorbent. Its biosorption capacity of 37.83 and 34.57 mg g -1 were recorded at pH 2.0 and 11.0, respectively. B. megaterium is now effectively employed in the pulp mill effluent treatment to reduce the COD and BOD level (Tiku et al., 2010) and it is inexpensive, safe, rapidly grown and readily available (RamKumar et al., 2010) . However, there have been few researches on its biosorption of textile dyes. Lyophilized biomass of B. megaterium was suggested for effective biosorption of reactive blue 5 (Figure 1 ) in a wide range of pH. Various parameters affecting dye biosorption including biosorbent dosage, initial pH, metal ions and temperature were investigated to determine the optimal conditions for dye removal. The biosorption equilibrium and biosorption kinetics were examined to determine the biosorption characteristics of this lyophilized biomass. The mechanism of the biosorption process was also analyzed by Fourier transform infrared (FTIR) spectroscopy.
MATERIALS AND METHODS

Microorganisms and growth conditions
B. megaterium was isolated from sediments of Lake Taihu, China. It was maintained on a medium composed (g L -1 ) of 20 peptone, 10 glucose and 20 yeast extract powder, with its pH adjusted to 5.8. The medium was sterilized by autoclaving at 115°C for 30 min. In the present research, the cultural condition of B. megaterium was found to be at 28°C and after 48 h the growth curve of B. megaterium came to the lag phase (Figure 2 ). Cells were cultivated in 500 ml Erlenmeyer flasks containing 150 ml sterile medium on a rotary shaker at 150 rpm and 28°C for 48 h.
Preparation of the microorganisms and dye solutions for biosorption
After 48 h, the biomass was harvested by centrifugation at 6000 rpm for 10 min. Then the biomass was washed twice with deionized distilled water and freeze-dried by a vacuum freeze dryer for 48 h. The test solutions containing Reactive Blue 5 were prepared by diluting 1 g L -1 of stock solution of the dye supplied by Shanghai Dyeing Chemical Industry Co., Ltd (Shanghai, China).
Biosorption experiments
In the biosorption experiments, 0.05 g lyophilized biomass was transferred into 300 ml Erlenmeyer flasks containing 20 ml of the prepared dye solution (100 mg L -1 ) and contacted on a rotary shaker at 150 rpm and 28°C. The effect of pH on biosorption was investigated in the pH range of 2 to 11. The effect of metal ions on biosorption was investigated from solutions containing 100 mg dye L -1 and the concentration of metal ions was also 100 mg L -1 . Biosorption equilibrium was investigated with the initial dye concentrations in the range of 100 to 400 mg L -1 . The residual dye concentrations were determined after 18 h. Thermodynamics data related to biosorption of Reactive Blue 5 onto lyophilized biomass of B. megaterium at 30 to 50°C were analyzed to obtain the values of thermodynamic parameters. All the experiments were performed in triplicate and the average values were used in calculations. 
Analytical methods
Before and after Reactive Blue 5 biosorption, the lyophilized biomass was characterized by FTIR using a Bio-Rad Model FTS135 Fourier transform infrared (FTIR) spectrophotometer. The lyophilized biomass were first freeze-dried by using a vacuum freeze dryer, then they were mixed with KBr in the ratio of 1:100 and compacted to pellet form under high pressure. The pellet was immediately analyzed in the range of 400 to 4000 cm -1 , and the absorbance of dye solution was measured with a spectrometer (LabTech UV1000, USA) at 600 nm (Sugano et al., 2006) .
RESULTS AND DISCUSSION
Effects of adsorbent dosage on dye uptake
To investigate the effects of biosorbent concentrations on dye removal, four different biosorbent concentrations were tested. Over 94% of dye removal was achieved in the range of 2.5 to 10 g L -1
. Table 1 shows that lower dosage induced poorer dye removal. At the adsorbent dosage of 0.5 g L -1
, the dye uptake value was only 22.35%, while at the adsorbent dosage of 2.5 g L -1
, the dye uptake value reached 94.69%. With the further increase of adsorbent dosage from 2.5 to 10 g L -1
, the percentage of dye removal witnessed only about 1% growth. Sivasamy and Sundarabal (2011) and Khalaf (2008) suggested that the number of available biosorption sites increased with the rise in biosorbent concentration, thus resulting in higher adsorbed concentration and biosorption capacity. It could be explained that the bridge phenomena could not be effectively form when biosorbent dosage was insufficient. However, at the adsorbent dosage of 2.5 g L -1
, almost all ions were bound to the biomass at the establishment of equilibrium between the dye molecules bound to the biomass and those remaining unabsorbed in the solution (Kumar et al., 2006) . Therefore, further increase of biosorbent concentration from 2.5 g L -1 did not cause big improvement in biosorption. Considering the biosorbent cost, a 2.5 g L -1 adsorbent dosage was used in the following experiments in this study.
Effects of initial pH on dye uptake
Initial pH of the dye solution is the most important parameter influencing the surface charge of the biosorbent, the degree of ionization of the dye in the solution, the dissociation of functional groups on the active sites of the biosorbent, and the dye solution chemistries (Aksu and Balibek, 2010) . Therefore, the pH of a reaction mixture containing reactive dye and 2.5 g L -1
of biosorbent was adjusted with HCl and NaOH. In the initial pH range of 2 to 11, the biosorption of reactive blue 5 was conducted at 28°C for 18 h. As shown in Table 1 , the dye uptake values were all over 85% and varied slightly in the pH range of 2 to 11. This result differed from those of previous studies which reported that the bacterial cells showed the highest capacity (90%) in the removal of reactive blue 5 at pH 3, and at pH 5 and 11, the dye uptake values decreased to almost 50% and 10%, respectively (Hu et al., 1996) . The biosorption capacity of Candida lipolytica for Remazol Blue reactive dye reached the maximum of 173.1 mg g -1 at pH 2 and then declined sharply with further increase in pH (Aksu and Dönmez, 2003) . The maximum biosorption capacity of 63.19 ± 0.83 mg g -1 was recorded at pH 2 for unmodified biosorbent of Agaricus bisporus.
In addition, the biosorption capacity of the biosorbent decreased to almost 3 mg g -1 at pH 4. Lower and nearly constant biosorption values were observed for dried fungal biomass within the range of pH 4 to 8 (Akar and Divriklioglu, 2010) . Solution pH was found strongly influencing the uptake of reactive orange 16 by Corynebacterium glutamicum. The biosorption of the dye was reversible when pH <7 but irreversible under basic pH conditions. The maximum sorption capacity of the biomass were measured to be 156.6 ± 6.2 and 64.0 ± 2.4 mg g -1 at pH 2 and 4, respectively (Won et al., 2009 ). Removal of reactive blue 4 by free B. subtilis cells was in lower pH ranges. Adsorption of dye decreased with increase in pH, while adsorption was enhanced when the solution pH was below 4 for all adsorbents studied (Binupriya et al., 2010) . High dye uptake values achieved at low pH in previous studies may therefore result from the electrostatic attractions between the negatively charged dye anions and the positively charged biosorbents (Wang et al., 2008) . It was also explained that both the carboxyl groups and amine groups contributed to the biosorption process (Won et al., 2005) .The different result of this study may be explained that reactive blue 5 could not be fully ionized into negatively charged dye anions in an aqueous solution. On the other hand, carboxyl groups and amine groups present in B. megaterium were sufficient for the biosorption of reactive blue 5. Though it was difficult to describe the effects of initial pH on dye uptake because of the cell surface's complexity, the explanation given herein could be confirmed by the FTIR spectrum analysis.
Effects of metal ions on dye uptake
Dye wastewater usually contain large amount of metal ions that could influence biosorption rate and capacity as they could be bridges in the process of biosorption Banks, 1991, 1993) . O'Mahony et al. (2002) suggested that the uptake of reactive dyes diminished with the presence of 100 mg L -1 Cd 2+ ions due to the competition between Cd 2+ and dye molecules. Also, the uptake of RR 120 decreased with the increasing ionic strength of NaCl (Tabak et al., 2010) . CaNO 3 , KNO 3 , MgNO 3 , NaNO 3 and CdNO 3 with the same anion NO 3 -were used in the experiments to select the optimal metal ions. Table 1 shows that at initial concentration of 100 mg L -1 , metal ions did not significantly interfere with the dye uptake. The dye removal yields were 96.33, 93.11, 94.44, 92 .04 and 92.07% in solutions with calcium (Ca 2+ ), potassium (K + ), magnesium (Mg 2+ ), sodium (Na + ) and cadmium (Cd 2+ ), respectively. The addition of metal ions had no positive effect on dye removal, indicating that lyophilized biomass of B. megaterium was independent of metal ions. Therefore, B. megaterium has a great potential in dye wastewater treatment application.
Biosorption equilibrium
Two biosorption models, the Langmuir and Freundlich biosorption isotherm model, were commonly applied to describe the nonlinear equilibrium between biosorption capacity (q) and adsorbate equilibrium concentration (C eq ) at a constant temperature. The Langmuir isotherm model is a theoretical model for monolayer adsorption:
While the Freundlich isotherm model is an experimental model and it is usually expressed as follows:
The Langmuir and Freundlich biosorption isotherm parameters evaluated from the isotherms with the determination coefficients are summarized in Table 2 , with the plots presented in Figures 3 and 4 . The applicability of the linear forms of Langmuir model was proved by the determination coefficients R 2 = 0.97. This suggested that the Langmuir model provided a good model of biosorption system and seemed better fit to the biosorption data of dyes than the Freundlich model. The result was similar with that reported by Mohan et al. (2008) and Deniz and Saygideger (2010) . The maximum monolayer capacity q max obtained from the Langmuir was 163.93 mg g -1 . Since the Langmuir equation deals with monolayer sorption onto a homogenous surface, the results obtained suggested the deposition of a layer of dyestuff onto the surface of the biomass. However, the biosorptive mechanism by which the dyes interact with the biomass remained unknown because of the uncharacterized chemical nature of the biomass. More also, the essential characteristics of the Langmuir isotherm can be expressed by a dimensionless constant separation or equilibrium parameter, R L (Eren and Acar, 2006) , which is defined by the following equation:
Where, C o is the initial concentration of dye (mg L ). R L indicates the nature of the biosorption process to be unfavorable (Aksu and Dönmez, 2003) . The value of R L was 0.062, 0.032, 0.022 and 0.016 at initial dye concentrations of 100, 200, 300 and 400 mg L -1 , indicating that the biosorption process was favorable. Figure 5 shows the biosorption capacity at different time at the initial dye concentrations of 100, 200, 300 and 400 mg L -1 , respectively. Uptake of reactive blue 5 increased with higher solution concentration. Two kinetic models, the first-order-equation and the second-order equation were considered for the interpretation of the experimental data. The first-and second-order kinetic models assumed that sorption was a chemical reaction and the sorption rate could be determined by these reaction rate equations (Tabak et al., 2010) .
Biosorption kinetics
The first order model is based upon the assumption that the change in dye concentration is proportional to time (Anjaneya et al., 2009 ). The plots are presented in Figure 5 . The first order model can be written as:
Where, k 1 is the rate constant of the first order model (min -1 ). For the boundary conditions, t = 0 to t = t and C =C 0 to C t = C t ; the Equation becomes:
If ln(C/C 0 ) vs. t is linear, the rate constant k 1 can be calculated from the slope of linear plot. The plot between ln(C/C 0 ) vs. t at four different dye concentrations is shown in Figure 6 . Table 3 shows the values of rate constant k 1 and the determination coefficients of the linear form of the first order model. As displayed in Table 3 , the determination coefficients for the first order kinetic model were 0.9616, 0.9879, 0.9881 and 0.9635 at various initial dye concentrations. The linearity of the plots suggested that the first order model could well describe the biosorption process. The high determination coefficients showed that this model could predict the sorption kinetics of reactive blue 5 onto B. megaterium. The second order model was for the further analysis of sorption kinetics. The rate of reaction r for this system can be expressed as:
With respect to limit C =C 0 at time t = 0 and C =C at any time t, the integrated and linear form of Eq. (5) becomes: Table 3 shows the values of rate constant k and the determination coefficients of the linear form of the first order model. The determined second order rate constant k 2 values decreased with the increasing initial dye concentrations. Their corresponding linear regression determination coefficients were high. From the data in Table 3 and Figure 7 , it could be noted that the first and the second order model were both able to describe the biosorption kinetics of reactive blue 5 onto B. megaterium. Both reactive dyes and direct dyes were anionic dye (Fu and Viraraghavan, 2001 ). Iscen reported that the biosorption process of Reactive Black 5 dye by Penicillium restrictum obeyed the second order model (Iscen et al., 2007) . Celekli conducted kinetic and equilibrium studies on the adsorption of reactive red 120 from aqueous solution by Spirogyra majuscula and found that its adsorption behavior could be well described by the second-order kinetic model (Celekli et al., 2009 ). The result also coincided with that of Eren and Acar who found that the experimental data of adsorption of Reactive Black 5 fitted the second order model (Eren and Acar, 2006) . Nevertheless, Fu and Viraraghavan (2002) reported that both the first order and second order rate equations were able to provide a realistic description of biosorption kinetics of Congo Red (an anionic direct dye). The applicability of both the first and the second model to the dye-B. megaterium systems implied that the biosorption of reactive blue 5 was likely to be complex.
Thermodynamic modeling of biosorption
The effect of temperature on biosorption was studied because of the variability of temperature with regions and seasons. Thermodynamic considerations of a biosorption process are necessary to conclude whether the process is spontaneous or not. Temperature dependence of the adsorption process is associated with several thermodynamic parameters (Aksakal and Ucun, 2010) . The dye biosorption capacity vs. temperature is plotted in Figure  8 . Each point in the figure represented an average over 3 experiment results. The biosorption capacity increased with increasing temperature. The result indicates that the biosorption capacity of this bacterium was temperaturesdependent. The thermodynamic parameters of Gibb's free energy changes ( G ∆ ), enthalpy changes ( H ∆ ) and entropy changes ( S ∆ ) reflected the feasibility and spontaneous nature of the process (Aksu and Karabayur, 2008) . These could be calculated using the following equations:
Where, K c is the equilibrium constant at temperature T, C ad,eq , is the dye concentration on the biosorbent in equilibrium, C s,eq is the equilibrium concentration of the dye in the solution (mg l (9) on condition that lnK c vs. 1/T was linear. The determination coefficient (R2) of Equation (9) Moreover, relatively low positive values of S ∆ suggested good affinity of the dye towards the absorbents and that the change, either physical or chemical occurred spontaneously (Gupta et al., 2005) . Thermodynamics analyses clearly demonstrated that biosorption of reactive blue 5 dye was favorable.
FTIR analysis
To investigate the possible involvement of functional groups on the biosorbent surface in the biosorption process, the FTIR spectrums of the unloaded and dyeloaded biomass are shown in Figure 9 . As observed, both the unloaded and dye-loaded biomass showed similar patterns with a number of peaks. Before biosorption, the strong absorption bands at 3292 cm -1 might reflect the -OH and -NH stretching vibrations of hydroxyl and amine groups on the surface of the unloaded biomass. The band intensity at 3292, 2935 and 2964 cm -1 decreased sharply after biosorption, demonstrating that hydroxyl, amine and carboxyl groups played important roles in biosorption process. Gao et al. (2010) reported that the main functional groups on aerobic granules for the biosorption of Y2G and RBR were amine, hydroxyl and carboxyl. also supported that the presence of amine groups might be responsible for the biosorption of RR198. The band intensity at 1536, 1454 and 1382 cm -1 also decreased, suggesting that there were reactions of reactive blue 5 with amide groups. Moreover, an intensity decrease and a slight band shift (1656 cm The intensity of stretching bands appearing between 1290 and 1281 cm -1 in the FTIR spectrum of dye-loaded biomass was indicative of the existence of -C-N stretching. It could be attributed to an interaction between the dye molecules and the structure on the biomass surface. An absorption band at 1188 cm -1 in the FTIR spectrum of dye-loaded biomass was known as the -P=O stretching vibrations. This band decreased and slightly shifted to 1186 cm -1 . Akar and Divriklioglu (2010) also found that -P=O may be involved in the biosorption process. These findings may be evidence for the responsibility of amine, hydroxyl, carboxyl and phosphonate groups on the biosorbent in reactive blue 5 biosorption.
Conclusion
The reactive blue 5 solution could be effectively decolorized by lyophilized biomass. The optimal adsorbent dosage for maximal dye uptake was 2.5 g L -1
, while its biosorption capacity varied little with different initial pH values and changed slightly with the presence of different metal ions in the solutions. In the initial pH range of 2 to 11, the biosorption capacities were all over 34 mg g -1 . It could be seen that the biosorption equilibrium data fitted well to the Langmuir biosorption isotherm model in the studied concentration range. The biosorption kinetics of dye obeyed both the first and the second order model. The kinetic parameters obtained demonstrated that such simple kinetic models could be applied to a well-agitated batch biosorption system. In addition, it was found that the biosorption capacity was dependent on the temperature and increased with higher temperature from 30 to 50°C. Based on these experi-mental results, it could be concluded that lyophilized biomass of B. megaterium had a potential to be used as an alternative biosorbent material for the removal of Reactive blue 5 dye from aqueous solutions because of its easy cultivability, reasonable biosorption capacity with low biomass dosage, and good chemical and physical stabilities.
